Auxin is critical for plant growth and development. The main natural auxin is indole-3-acetic acid (IAA), whereas 1-naphthalene acetic acid (NAA) is a synthetic form. Auxin-Binding Protein 1 (ABP1) specifically binds auxins, presumably playing roles as receptor in nontranscriptional cell responses. ABP1 structure was previously established from maize at 1.9 Å resolution. To gain further insight on ABP1 structural biology, this study was carried out employing molecular dynamics simulations of the complete models of the oligomeric glycosylated proteins from maize and Arabidopsis thaliana with or without auxins. In maize, both Zn 2+ coordination and glycosylation promoted conformational stability and most of such stabilization effect was located on the Nterminal region. The α-helix of C-terminal regions in ABP1 of both species unfolded during simulations, assuming a more extended structure in maize. In Arabidopsis, the helix appeared more stable, being preserved in most of the monomeric simulations and unfolding when the protein was in the dimeric form. In Arabidopsis ABP1 bound to IAA or NAA, glycosylation structures arranged around the protein, covering the putative site of entrance or egress of auxin. NAA bound protein folding was more similar to the crystal structure showing higher stability compared to that of IAA bound. The molecular structural differences of ABP1 found between the species and auxin types indicate that this auxin-binding protein shows functional specificities in dicots and monocots, as well as in auxin type binding.
Introduction
Auxin is a critical phytohormone for plant growth, development and responses to changes in the environment, influencing several aspects of cell division, elongation and differentiation (Woodward and Bartel 2005; Teale et al. 2006; Tromas et al. 2009 ). Auxin regulates different processes in plants, such as tropic responses to light and gravity (Luschnig et al. 1998; Friml et al. 2002; Friml 2003) , root (Malamy 2005; Aloni et al. 2006 ) and shoot architecture (Bennett et al. 2006; Domagalska and Leyser 2011) , adventitious rooting (Da Costa et al. 2013) , organ patterning and vascular development (Blilou et al. 2005; Woodward and Bartel 2005; Scarpella et al. 2006) . The main natural form of auxin is indole-3-acetic acid (IAA) whereas 1-naphthalene acetic acid (NAA) is a widely used synthetic form, with higher metabolic stability (Dunlap et al. 1986; De Klerk et al. 1997; Teale et al. 2006) .
Currently, members of the TIR1/AFB family of F-box proteins are accepted as bona fide auxin receptors. Besides the nuclear TIR1/ AFB auxin receptors, Auxin-Binding Protein 1 (ABP1) has been identified as an extracellular auxin receptor, interacting with this phytohormone class with high affinity and in specific fashion (Feng and Kim 2015) . ABP1 is located both in the endoplasmic reticulum (ER) and in the apoplast, close to the plasma membrane (Tromas et al. 2010) . Several reports indicate that ABP1 is also involved in the regulation of auxin responsive gene expression (Shi and Yang 2011) , with a signal cascade including activation of ATPase proton pumps, acidification of the apoplast and activation of input K + channels, which may eventually lead to changes in cell growth and gene expression. ABP1 also promotes clathrin-mediated endocytosis of PIN auxin efflux carriers, acting in the regulation of auxin transport. Binding of auxin inhibits ABP1 action, thereby stabilizing PINs at the plasma membrane, providing a mechanism for auxin to enhance its own efflux (Robert et al. 2010 ). It has also been shown that the auxin-binding pocket is essential for ABP1 function (Grones et al. 2015) . However, the role of ABP1 as a receptor remains controversial, since recent independent findings identified null alleles of ABP1 that develop exactly like the wild type plants under normal growth conditions (Strader and Zhao 2016) . The structure of ABP1 from maize was previously established at 1.9 Å resolution (Woo et al. 2002) . ABP1 is a dimer in both crystal (Woo et al. 2002) and solution, with one auxin-binding site per dimer (Shimomura et al. 1986 ). The affinity to NAA is pH dependent, with an optimum binding at pH 5.0-5.5 (Löbler and Klämbt 1985; Shimomura et al. 1986 ). In maize, each subunit of ABP1 is glycosylated at Aparagine95 (Asn95) through a high mannose-type glycan structure with 1865 Da of molecular mass, and the total molecular mass of the protein ZmERABP1 is 20,243 Da (Feckler et al. 2001) . Dicot species such as Arabidopsis have an additional glycosylation site at Asn11 (Palme et al. 1992; Woo et al. 2002) . Woo et al. (2002) found evidence for glycosylation in Asn95 in the crystal structure from maize, however, the complete glycan chain was not visible in electron density map. This usually happens due to the high conformational flexibility found in carbohydrates, which impairs the correct determination by X-ray crystallography (Petrescu et al. 2004) . ABP1 is also coordinated to Zn 2+ through His57, His59, His106, Glu63 and a water molecule (Woo et al. 2002) . The residues that coordinate with Zn
2+
, together with Ile22, Leu25, Trp44, Gln46, Thr54, Pro55, Ile130, Phe149 and Trp151, are located in the binding pocket of ABP1 (Figure 1 ) (Woo et al. 2002; Grandits and Oostenbrink 2014) .
In the crystal structure, the carboxylate group of 1-NAA lies in bidentate contact with Zn 2+ , replacing Zn 2+ interaction with water (Woo et al. 2002) . Molecular dynamics (MD) simulations of ABP1 in complex with auxins showed water entrance in the Zn 2+ coordination sphere simultaneously to auxin exit, suggesting that water assists the protonation and deprotonation of auxin molecules (Bertoša et al. 2008) . There is some evidence that auxin binding to ABP1 causes conformational changes in ABP1 C-terminus (Thiel et al. 1993) , with participation of Trp151 (Woo et al. 2002; Bertoša et al. 2008 ). In the uncompelled form, ABP1 C-terminus keeps extended, and Trp151 is pulled out of the binding site. Upon binding of an auxin related molecule, Trp151 engages in π-π interactions with the aromatic rings of the auxin related molecule, suggesting a retraction of the C-terminal region (Woo et al. 2002; Bertoša et al. 2008) . In this context, the current work aims to expand our knowledge of ABP1 structural biology through detailed, complete models of the oligomeric glycosylated proteins for maize (Zea mays) and Arabidopsis thaliana. Based on such models, we aimed to access the effects of glycosylation on the structure and dynamics of the protein and the modulation of ABP1 dynamics by auxins through a series of MD simulations. We started with the monomeric protein, without glycosylation, Zn 2+ and auxin. First we added Zn 2+ , then glycosylation, and simulated the dimeric form. In the dimeric form, we simulated with and without the glycosylation and, in the end, the full complex was assembled, with the N-glycosylated dimeric protein containing an auxin (IAA or NAA) in the binding site, as it was observed previously in the original crystal structure with NAA (Woo et al. 2002) . Monomer analyses allowed examining for potential cooperativity and stabilization effects in dimerization.
Results

Zn
2+ and glycosylation are important to provide protein stability
Initially, we evaluated the influence of nonpeptide factors in ABP1 dynamics, namely coordination to Zn 2+ and glycosylation. Based on the proteins deviation from crystallographic information, the dynamics of maize ABP1 may be under higher influence of nonpeptide factors than its Arabidopsis counterpart ( Figure 2A and B). In maize, glycosylation was able to promote conformational stability in the beginning of the trajectory, whereas towards its end both Zn
2+
and Zn 2+ with glycosylation were able to do so ( Figure 2A ). In
Arabidopsis, however, we did not observe any significant effects of both factors throughout the trajectory ( Figure 2B ). N-and C-terminal regions showed higher flexibility than the protein core (Figure 3) . Most of the stabilization effect was located in the N-terminal region (Figures 2 and 3) , which comprises mainly random coil regions. The complexation of Zn 2+ caused a decrease in the flexibility of some aminoacids present in the N-terminal region in maize ( Figure 3A) , while in Arabidopsis, no such effect was observed ( Figure 3B ). Thus, the ion and the glycan do not seem to play major roles in the stability of the central part of the maize protein, although the glycan has a small effect in protein rigidity ( Figure 2C ). Even when we removed the influence of both termini regions, the effect of the introduction of both glycosylations in the central region of the Arabidopsis protein was not evident ( Figure 2D ).
C-terminal helix
During the MD simulations, the parallel β helix motif was well maintained for all simulated systems (Figure 4 ). The C-terminal region of both ABP1 sources contains an α-helix, from residues 152-159 in maize, as depicted in the 1LR5 and 1LRH crystallographic structures of maize (Woo et al. 2002) , and from residues 153-158 in Arabidopsis. Nonetheless, in the performed simulations, this helix unfolded in tens of nanoseconds, assuming a more extended structure (Figure 4 ). In the presence of glycosylation, however, the helix was maintained for longer in maize ( Figure 4A ), but unfolded in all replica simulations, even when the protein was simulated in the dimeric form or in complex with auxins (data not shown). As shown in the B-factor data, this is an area with higher structural uncertainty (Supplementary data, Figure S1 ). Additionally, this conformational change is in agreement with previous observations in which the helix had a more extended conformation in the end of the simulation of the monomeric form of maize ABP1 (Bertoša et al. 2008) . In Arabidopsis ABP1, however, this C-terminal helix seems to be more stable, being maintained in most of the monomeric simulations ( Figure 4A ) and unfolded when the protein is in the dimeric form ( Figure 4B ). 
Dimerization, glycosylation and auxin binding
In an attempt to check for the effects of dimerization, the proteins were simulated as a dimer in two forms: unglycosylated with Zn 2+ in the binding pocket and N-glycosylated with Zn 2+ in the binding pocket. The dimerization did not cause striking differences in protein stability for both species without the glycosylation ( Figure 5A ). Overall, N-glycosylation seemed to increase the rigidity of the monomers ( Figure 5B ), although this effect was statistically significant only for chain D of Arabidopsis ABP1 (Supplementary data, Figure S2 ). Simulations of the dimeric N-glycosylated proteins with Zn 2+ ion in the binding pocket were also performed in complex with the auxin types IAA and NAA. The presence of IAA in the binding pocket did not cause a pronounced difference in the rigidity of the protein in relation to the N-glycosylated dimer form ( Figure 5C ). However, in the presence of NAA the protein fold was more similar to the crystal structure and higher stability with NAA than with IAA was observed along the MD simulations ( Figure 5D ). The geometries populated in the glycosidic linkages angles ϕ and ψ were consistent during all simulations, with different glycan chains demonstrating the same multiple conformational states, a feature commonly found in carbohydrates (Figures 6 and 7) . Flexibility of the oligosaccharides can be observed as the glycan chains fluctuate in ABP1 dimers during the simulations (Figure 8 ), pointing to a similar behavior in the different systems, i.e., the contact with the opposite monomer. In maize ABP1, this movement was detected in all simulations, independently of the system. However, Arabidopsis ABP1 displayed two distinct interactions: (i) the same identified in maize ABP1, with contacts happening between all glycans and the monomers surface ( Figure 8B) ; (ii) a movement covering one of the entrance or egress sites of the ligand in the binding pocket ( Figure 8C ). Auxin presence reduced the fluctuations in the C-and Nterminal regions of the protein. The binding of IAA to maize ABP1 caused a higher flexibility in residues 77-87, mainly in the Lys82 of the Chain A ( Figure 9A and B). This pattern was repeated in the three replicates and was not observed in Arabidopsis (Figure 9C and D) . The N-terminal region of the dimers without auxin exhibited higher flexibility, except for Arabidopsis ABP1 with IAA ( Figure 9 ).
Two other regions, one close to residue 22 and another close to residue 54, also showed higher flexibility in both species and auxin types.
Discussion
Effects of different components of ABP1 protein complex of maize and Arabidopsis were observed along the simulations in this work. We checked for stability and rigidity as nonpeptide factors were added to the protein. In Arabidopsis, these factors do not seem to play important roles. In maize, in the complete conformation, the protein became more stable and rigid compared with the initial structure. The nonpeptide factors played important roles in the stability of the N-terminal region of the protein. This was not surprising, since the core of the protein is composed of a parallel β-helix motif, naturally more stable than random coil regions. Moreover, N-and C-terminal regions are rigid in the crystal structure, being involved in very extensive crystal packing between the monomers in the dimeric protein (Supplementary Figure S3) . We also observed the conformational state of the helix in ABP1 of both species. The fact that the helix is more stable in the model of ABP1 protein (Arabidopsis) than in the mold (maize) was an interesting observation. Based on sequence alignment, it is possible to observe that although some aminoacids of the two proteins are the same in the helix region, most of them are different (Supplementary Figure S4) . Moreover, the secondary structure prediction by Phyre2 indicated the formation of a larger helix in Arabidopsis than in maize (Supplementary Figure S5) , which could explain the more stable structure in Arabidopsis. Previously, KDEL sequence was shown to stabilize the protein, especially the C-terminal region (David et al. 2001; Grandits and Oostenbrink 2014) . In the present simulation, however, KDEL sequence was not included, because it was not seen in the electron density map of the crystal structure of the maize protein and was only partially resolved (Woo et al. 2002) . Prediction of disordered regions in ABP1 indicated high disorder degree in N-and C-terminal regions (Supplementary data, Figure S6 ), indicating high mobility chances. The absence of KDEL sequence probably exerted great influence for the low stability of the helix in maize. Curiously, in Arabidopsis, with the lack of this region, the helix kept steady along the simulations. The secondary structure prediction by PSIPRED of Arabidopsis ABP1 containing the KDEL sequence, however, did not show any helix formation, unlike without KDEL (Supplementary data, Figure S7 ).
When ABP1 was simulated as a dimer, N-glycosylation had a positive influence in the rigidity of the monomers, especially for Arabidopsis. As observed in the glycan chains behavior during the simulations (Figures 6 and 7) , the main motion and interactions occur between different glycans from opposite monomers, possibly increasing dimer stability. This observation highlights the importance of glycosylation in the conformational stability of the protein, albeit this effect was not observed for all systems ( Figure 5 and Supplementary data, Figure S2 ). It is known that N-linked glycans can play significant roles in the quality control of protein folding, as they can impact in its structure and function (Larkin and Imperiali 2011) . At the same time, N-glycosylated ABP1 is the original form of the protein, what probably leads to lower RMS total values. Moreover, the disposition of the N-linked glycans around the proteins along the simulation could indicate an additional role of the glycosylation in protecting the auxin binding site of ABP1 when the protein is already bound to IAA or NAA. This phenomenon was observed only in Arabidopsis, perhaps being related to the fact that each ABP1 monomer has two glycosylation sites and N-linked glycans instead of one. Since the glycosidic linkages populated geometries for the ϕ and ψ angles of different glycans are very similar, this effect is possibly induced by small variations among several of them, resulting in macro influence on the overall conformation.
When NAA was included in the protein complex, a higher stability was observed compared to when IAA was at the binding site. Also, with NAA, the protein fold was more similar to the crystal structure. This was expected, since the crystal structure of the protein in maize was obtained in complex with NAA (Woo et al. 2002) . Besides, NAA has stronger effects in some aspects of plant development, such as shoot growth, primary root growth and crown root formation in maize (Martínez-de la Cruz et al. 2015) . Moreover, previous reports revealed a higher binding affinity of ABP1 for NAA than for IAA (Grandits and Oostenbrink 2014) . We also observed higher flexibility of some residues, close to Ile22, Leu25, Thr54 and Pro55, which form the binding site of auxins (Woo et al. 2002) , when the proteins were simulated with NAA or IAA. This indicates the involvement of these residues in auxin binding.
This work contributed to a better understanding of the effects of Zn 2+ , glycosylation and dimerization in the structure of ABP1 and its interaction with auxins. We observed that although the proteins of maize and Arabidopsis share 65% of identity, MD showed important differences between them. The protein modification that seems to play the most important role in ABP1 conformation and function is glycosylation. The N-linked glycans showed a significant influence in protein stability, rigidity and auxin binding capacity. In addition, the differences observed in protein dynamics and stability of interaction with auxin in the dicot and monocot species may also be the result of variation in glycosylation patterns. 
Materials and methods
Modeling and software
The crystal structure of ABP1 in maize was retrieved from RSCB Protein Data Bank under codes 1LR5, complexed to Zn 2+ and 1LRH, in complex with auxin (Woo et al. 2002) . Monomer chains A and D were used in this work. The sequence from the crystal structure was submitted to alignment performed by Protein BLAST (BLASTp) to search for the most similar sequence in A. thaliana (65%) (NP_192207.1). Modeller (9.1 version) (Šali and Blundell 1993) was employed for comparative modeling of A. thaliana ABP1 structure. Verify3D (Bowie et al. 1991; Lüthy et al. 1992) and Procheck (Laskowski et al. 1993) were used for the model quality assessment. Visual Molecular Dynamics (Humphrey et al. 1996) and PyMOL (The PyMOL Molecular Graphics System), to visualize trajectories and manipulate structures. The MD simulations and analyses were performed with GROMACS simulation suite (Pronk et al. 2013 ) and GROMOS 53a6 force field (Oostenbrink et al. 2005) . Carbohydrates and glycoproteins topologies were built based on previous works, employing the most populated geometries in solution for each glycosidic linkage (Pol-Fachin et al. 2009 , 2012 Fernandes et al. 2010; Pol-Fachin and Verli 2011) . NAA topology was derived from GROMOS96 53a6 force field parameters, whereas IAA topology was obtained by adapting existing parameters of a Tryptophan residue from the same force field.
MD simulations protocol
Altogether 14 systems were generated and simulated, 7 for each ABP1: (1) an uncoordinated nonglycosylated monomer; (2) ; (6) a glycosylated dimer coordinated to Zn 2+ and complexed to IAA and (7) a glycosylated dimer coordinated to Zn 2+ and complexed to NAA. Molecules were centered in the box and a distance of 1.0 nm in all directions was used to generate the size of the simulation box. All the systems were solvated in triclinic boxes using periodic boundary conditions and SPC water model (Berendsen et al. 1987) . To neutralize the systems, counter ions were added (Na + ) when necessary.
The systems were equilibrated by gradually increasing the temperature from 50 to 300 K, in a total of 35 ps, raising 50 K at every 5 ps step. The systems temperature and pressure were kept constant (300 K and 1 atm) by coupling molecules and solvent to external temperature and pressure baths, applying the V-rescale thermostat (Bussi et al. 2007 ) and the Parrinello-Rahman barostat (Parrinello and Rahman 1981; Nosé and Klein 1983) , with coupling constants of τ = 0.1 and 0.5 ps, respectively. Additionally, a compressibility of 4.5 × 10 −5 bar −1 was employed. The Lincs method (Hess et al. 1997 ) was applied to constrain covalent bond lengths, allowing an integration step of 2 fs after an initial energy minimization using Steepest Descents algorithm. Electrostatic interactions were calculated with Particle Mesh Ewald method (Darden et al. 1993) . The MD simulations were conducted for 200 ns in triplicates to improve the sampling of each system, generating 8.4 μs of total simulation time.
Supplementary data
Supplementary data are available at Glycobiology online. 
